Sea urchins Strongylocentrotus droebachiensis graze along the edge of a kelp bed, creating a barren.
INTRODUCTION
Sea urchin barrens are benthic communities that are dominated by herbivorous sea urchins and coralline red algae on rocky reefs devoid of seaweed (Pearse et al. 1970) (Fig. 1) . Barrens generally occur in regions that can support kelp beds (or forests), which are highly productive and provide habitat and food for many ecologically and commercially important fish and invertebrate species (Konar & Estes 2003 , Ling 2008 , Bonaviri et al. 2012 . Over the last 4 decades, transitions between kelp beds and sea urchin barrens have been widely reported along temperate coastlines globally (Sala et al. 1998 , Pinnegar et al. 2000 , Steneck et al. 2002 . These transitions, termed phase shifts, generally occur when a change in sea urchin grazing intensity moves the sys-ABSTRACT: Sea urchin barrens are benthic communities on rocky subtidal reefs that are dominated by urchins and coralline algae; in the absence of intense herbivory by urchins, these barrens support luxuriant seaweed communities such as kelp beds (or forests). Barrens can extend over 1000s of km of coastline or occur in small patches (10s to 100s of m) within a kelp bed. They are characterized by low primary productivity and low food-web complexity relative to kelp communities and are generally considered a collapsed state of the kelp ecosystem. To assess the stability of sea urchin barrens and potential for return to a kelp-dominated state, we document temporal and spatial patterns of occurrence of barrens along temperate and polar coasts. We examine the various drivers of phase (or regime) shifts in these areas, the threshold levels of urchin abundance that trigger abrupt changes in ecosystem state, and the feedback mechanisms that stabilize each state. Although longitudinal (decadal) studies are limited, we find evidence in several regions that transitions between barrens and kelp beds are characterized by discontinuous phase shifts, with different thresholds for forward (to barrens) and reverse (to kelp beds) shifts, in accordance with alternative stable-state dynamics. In other areas, barrens may reflect regime shifts associated with large-scale oceanographic changes. Accelerating climate change and increasing anthropogenic impacts play important roles in altering alternative stable-state dynamics and triggering phase shifts. Recovery of the kelp state may be possible through management or remediation measures, but this necessitates a clear understanding of the thresholds and stabilizing factors for a given system. KEY WORDS: Sea urchin barrens · Kelp beds · Alternative stable states · Phase shifts tem from one stable (i.e. robust to relatively small perturbations) community state to another (Lawrence 1975 , Steneck et al. 2002 . Sea urchin barrens have much lower primary productivity and habitat structural complexity than kelp beds and consequently can be considered a collapse of the kelp state (Simenstad et al. 1978 , Chapman & Johnson 1990 , Sivertsen 1996 , Graham 2004 ). Since kelp beds are key components of coastal ecosystems that provide important services to resident communities (Mann 1973 , Levin 1994 , Krumhansl & Scheibling 2012 , understanding the factors that cause phase shifts to urchin barrens, and that enable kelp beds to recover, is crucial for the proper management of these ecosystems.
Of particular concern to managers is the possibility that sea urchin barrens are a stable state of the subtidal ecosystem, maintained by various feedback mechanisms that prevent recovery of the kelpdominated state after the initial driver of the phase shift has been relaxed or reversed (Lauzon-Guay et al. 2009 , Ling et al. 2009 ). This type of transition is termed a discontinuous phase shift ( Fig. 2A) and characterizes an alternative stable-state system (Lewontin 1969 , Scheffer et al. 2001 , Collie et al. 2004 , Mumby et al. 2007 , Fung et al. 2011 . It is discontinuous because the threshold for the forward shift to the barrens state is at a different level than the threshold for the reverse shift back to the kelp state. In contrast, the forward and reverse transitions of a continuous phase shift ( Fig. 2B ) occur around the same threshold level (Petraitis & Dudgeon 2004) . There is mounting evidence from marine systems (such as kelp beds, seagrass beds and coral reefs) that collapse to less productive or structurally complex states occurs at a critical threshold of a forcing variable (Sutherland 1974 , Scheffer et al. 2001 , Petraitis & Dudgeon 2004 , Casini et al. 2009 ). However, few studies have conclusively documented alternative stable-state dynamics (Knowlton 2004) , and these have focused mainly on tropical coral reefs (Jackson 1997 , Mumby et al. 2007 , Dudgeon et al. 2010 , Fung et al. 2011 . Despite compelling evidence of discontinuous phase shifts to sea urchin barrens for several regions, including Alaska, USA (Estes et al. 1998) , Nova Scotia, Canada (Lauzon-Guay et al. 2009 ), and Tasmania, Australia (Ling et al. 2009 ), the existence of barrens as a true alternative stable state of kelp ecosystems remains controversial. Petraitis & Dudgeon (2004) argue that inadequate information on the mechanisms that create and stabilize kelp beds and urchin barrens precludes their classification as alternative stable-state systems but that they remain strong candidates for this designation. Other explanations for large-scale shifts between kelp beds and barrens are that they represent continuous phase shifts between states, most likely caused by ongoing anthropogenic impact (Connell & Sousa 1983 , Petraitis & Dudgeon 2004 , or that they are part of a larger oceanic regime shift to coralline-dominated barrens (Dayton et al. 1998 , Lees et al. 2006 , Wernberg et al. 2011 . If shifts to sea urchin barrens are part of a regime shift, these transitions will likely involve an abrupt, long-term (decadal) change in oceanographic conditions occurring at large spatial scales and impacting multiple trophic levels (De Young et al. 2004 , Lees et al. 2006 .
In a comprehensive review of sea urchin grazing behaviour on kelps and other macroalgae, Lawrence (1975) summarized existing records of the distribution of sea urchin-dominated barren grounds. Steneck et al. (2002) reviewed the literature on kelp ecosystem collapses in temperate and boreal regions worldwide, including transitions to sea urchin barrens and possible forcing variables of phase shifts. Ecosystem-specific reviews of alternations between kelp and barrens states also exist for Chile (Vásquez & Buschmann 1997) , Maine, USA (Steneck et al. 2013) , Nova Scotia (Scheibling et al. in press) and the Northeast Atlantic ). Here, we document the extent and history of occurrence of sea urchin barrens amid kelp-bed ecosystems worldwide to compile evidence on the nature As a kelp ecosystem (upper green path) approaches the threshold sea urchin density F1, a small increase in density will forward-shift the kelp-bed state to a barrens state. Once barrens have formed, a reverse shift (lower pink path) back to the kelp-bed state occurs when sea urchin density is reduced below the F2 threshold. The difference between F1 and F2 thresholds indicates the strength of hysteresis in the system. The dashed gray line represents the region of instability between the 2 alternative stable states. (B) Continuous phase shift. The forward shift threshold F1 and reverse shift threshold F2 occur at the same sea urchin density. The barren state only persists with high urchin densities and the kelp state immediately recovers when densities are reduced. Redrawn from Scheffer et al. (2001) of phase shifts and potential for alternative stable states. We include several canopy-forming brown algal communities (of the genera Sargassum and Cystoseira) in the Mediterranean in our survey, as these macroalgae are functionally and taxonomically similar to kelps (Round 1967) and offer further insights into the formation of sea urchin barrens. We begin by briefly reviewing the theoretical framework of alternative stable-state dynamics and the associated terminology, which has been used inconsistently and often inaccurately in the large and growing body of literature on the subject. We then examine the drivers of phase shifts between kelp beds and barrens and the feedback mechanisms that stabilize each community state. Lastly, we examine shifts to sea urchin barrens in the context of changing marine environments, and investigate the implications of a collapse in kelp ecosystems for marine management and conservation.
ALTERNATIVE STABLE STATES
The concept of alternative stable states had its theoretical underpinnings in the models of Lewontin (1969) , Sutherland (1974) and May (1977) . Peterson (1984) provided evidence of state shifts among naturally occurring communities and identified the concept of stability as a critical aspect of alternative stable-state theory. He proposed a simple criterion as evidence of alternative stable states: different selfreplacing communities can potentially dominate a given site. Connell & Sousa (1983) presented stricter criteria that required each state to exist at a longterm stable equilibrium (longer than 1 complete turnover of the dominant species) and the system to return to this point following a relatively small perturbation or disturbance, such as a fluctuation in a species' density or a storm event. They suggested that long-term (decadal) studies are required to distinguish alternative stable states. Additional conditions for stability are that each state must persist in the absence of the perturbation(s) that triggered the transition and be maintained by feedbacks that strengthen a current state (Petraitis & Latham 1999) .
When this theoretical framework is applied to natural systems, this definition of stability becomes critical (Grimm & Wissel 1997) . The requirement that the state must exist for the lifespan of the dominant species under similar environmental conditions can be difficult to assess because (1) it requires long-term research (e.g. over 100 yr for the red sea urchin Strongylocentrotus franciscanus; Ebert & Southon 2003) , (2) it does not allow for natural variation in environmental conditions, and (3) selection of dominants can be subjective in systems with many abundant species. For this reason, our review focuses on the stabilizing mechanisms and feedback loops that create domains of stability, instead of defining stability as the elapsed time in a state. Here, we define a stable state as a distinct community assemblage with feedback mechanisms that, under normal environmental conditions, confer resistance or resilience of the community to relatively small perturbations (see Table 1 for a glossary of ecological terms).
An important property of alternative stable states is hysteresis (Scheffer et al. 2001) . Hysteresis occurs when an alternative state persists after the driver of the transition is relaxed or reversed. Hysteresis is created by various stabilizing mechanisms that inhibit return to the previous state. Therefore, for a kelp bed to re-establish in the barrens state, sea urchin density (a proxy for herbivory) would have to decrease well below the threshold density that caused the initial shift to barrens (Breen & Mann 1976 , Ling et al. 2009 (Fig. 2A) . The difference between thresholds for shifts in either direction determines the degree of hysteresis and the range of sea urchin densities that can occur in either a kelp or a barrens state. Transitions between 2 states without hysteresis are continuous phase shifts and are readily reversed by relaxing the forcing variable to the threshold level that caused the shift (Petraitis & Dudgeon 2004) (Fig. 2B ). For example, phase shifts triggered by anthropogenic drivers may result in an ecosystem state that is only stabilized by the presence of continuing anthropogenic perturbation, such that the original state is recovered when human impact ceases (Knowlton 2004) .
From a modelling perspective, a system can undergo a phase shift to a new state when a change in either state variables or system parameters passes a threshold where stabilizing mechanisms maintaining the original state are overcome (Beisner et al. 2003) (Fig. 3) . State variables are system quantities (e.g. kelp biomass, abundances of urchins or their predators, larval supply) that change quickly in response to feedback mechanisms within the ecosystem. System parameters are measures that describe the behaviour of state variables and their interactions (e.g. grazing rate, per capita predation, settlement rate). Parameters can either change independently of state variables or be subject to slow feedback mechanisms originating within the system state (Table 1) . A phase shift due to a strong perturbation or gradual change in state variables can shift the community from one state to another without affecting the stability landscape or parameters of the system. In this type of transition, the system can exist in 2 or more community states under the same set of environmental conditions. Conversely, a large change in system parameters will alter the behaviour of the state variables, which could destabilize a community and shift it to another domain of stability. Some examples of changes in parameters that have caused shifts between kelp beds and coralline barrens are the increased mortality rate of sea urchins due to disease outbreaks associated with warming ocean temperatures and storm severity in Nova Scotia (Scheibling & Lauzon-Guay 2010) , the increased survival rate of sea urchins due to changes in ocean currents in Tasmania (Ling 2008) , and the change in crab predation rates due to large-scale overfishing of groundfish in Maine (Steneck et al. 2004 ). It is difficult to conceive of a marine system existing under a relatively constant set of parameters for decades, particularly when seasonal Regime shift Changes in oceanographic processes and marine system functioning that are persistent, occur at a large spatial scale and over multiple trophic levels, and are related to climate oscillations or change.
Resilience
The ability of a community to return to an equilibrium state after a disturbance or perturbation.
Stability
The result of various feedback mechanisms that, under normal environmental conditions, enable a community to persist in a given state, and resist or be resilient to small perturbations.
State parameter
Measure that governs the behaviour of state variables and how they interact in an ecosystem.
State variable
Property of an ecosystem that responds to changes in parameters. A shift to barrens, where the kelp bed can reestablish when urchin grazing intensity decreases to the threshold density triggering the initial shift.
A shift to barrens, where the kelp bed does not reestablish until urchin grazing intensity decreases well below the threshold density triggering the initial shift.
Overfishing or recovery of urchin predators, urchin recruitment pulse, disease outbreak, storm event or loss of kelp that results in an increase or decrease in sea urchin grazing intensity.
Abundances of macroalgal species, coralline algae and sea urchins, as well as the 3-dimensional structure of the kelp bed and its associated properties.
Shifts to barrens caused by El Niño-Southern Oscillation events in California and Chile, and southern intrusion of the East Australian Current off Tasmania.
Regeneration of a kelp bed after a defoliation event. Return to a barrens state after a partial dieoff of sea urchins or a temporary cessation in their foraging activity due to strong wave action.
A kelp bed that stays essentially unchanged under constant environmental conditions, is resistant to increases in urchin density, and is resilient to small perturbations such as canopy loss, temperature change or predator decline.
Urchin grazing rate, kelp growth rate, recruitment rates, per capita predation rates. These measures can vary with changes in ocean currents, ocean temperature and large-scale overfishing.
Kelp biomass, sea urchin density, predator abundance, larval abundance.
cycles, natural variability and anthropogenic impacts are continually changing the community land scape. Therefore, domains of stability represent dynamic community assemblages that are constantly being modified as system parameters change over time.
KELP DISTRIBUTION AND ECOLOGY
Kelps are large brown seaweeds (class Phaeophyceae, order Laminariales) that inhabit temperate or polar coastal regions throughout the world (Steneck & Dethier 1994 , Dayton et al. 1999 , Steneck et al. 2002 (Fig. 4 , Appendix). They exhibit 3 basic morphologies that characterize kelp stands as forests (stipitate and canopy-forming kelps, with fronds suspended above the seabed) or beds (prostrate forms, with fronds lying on or near the seabed) (Steneck et al. 2002) Kelps typically live a maximum of 25 yr (Steneck & Dethier 1994) and grow best in high-nutrient, coldwater areas (Tegner et al. 1996) . They have high rates of primary production (Dayton 1985) and support a variety of herbivorous and detritivorous species that graze attached or drift kelp (Duggins et al. 1989 , Krumhansl & Scheibling 2012 . Kelps also are host to various suspension feeders and micropredators (Ling 2008 ) and serve as important nursery habitats for many fish (Bodkin 1988 , Levin 1994 . Periods of high recruitment and primary productivity enable kelp beds to rapidly increase in biomass, while periods of severe storm activity (Filbee-Dexter & Scheibling 2012), intensive grazing (Vadas & Steneck 1988) , low light or nutrient conditions (Dayton 1985 , Tegner & Dayton 1991 , Tegner et al. 1996 , and warm water (Dayton et al. 1999 ) erode or defoliate kelp beds.
GLOBAL DISTRIBUTION OF SEA URCHIN BARRENS
Open clearings that are denuded of seaweeds and have high densities of sea urchins have been observed in shallow rocky habitats worldwide (Table 2 , Fig. 4 ). The spatial extent of these barrens can range from 1000s of km of coastline to small patches (100s of m in extent) within a kelp bed (Table 2) . Urchin barrens are dominated by invertebrate species, mainly sea urchins, but also sea stars, mussels and brittle stars. They are devoid of fleshy and filamentous algae and are primarily covered by encrusting coralline algae of low nutritional value. Coastal areas dominated by sea urchin barrens typically retain some localized or spatially limited stands of kelp and other seaweeds. For example, kelps have a refuge from urchin grazing in wave-swept shallow waters without sea ice (Lauzon-Guay & Scheibling 2007a), and form small patches throughout urchin barrens in some areas (Vásquez & Buschmann 1997 , Konar 2000 .
Depending largely on the time span and intensity of research in different regions, sea urchin barrens (2) following a single phase shift from a kelp to a barrens state, or vice versa (dark purple), and (3) in areas that might otherwise support kelp, although a phase shift has not been observed (light purple). Details for each numbered location are listed in Table 2 . Locations outside the kelp range indicate barrens within communities of canopy-forming brown algae that are functionally and taxonomically similar to kelps. Dark green shading represents observed range of kelp (Raffaelli & Hawkins 1996 , redrawn from Steneck et al. 2002 . Light green shading represents the range of potential occurrence of kelp, based on the light and temperature requirements for kelp (approximated by latitude) ( 
Barrens in regions with documented multiple phase shifts
Ecosystems where multiple shifts between kelp and barrens states have been documented provide important information on the drivers of these transitions and the stability of each state. Drivers of changes in urchin grazing intensity vary between these systems, but grazing typically increases after periods of high urchin recruitment and drift kelp shortage, and decreases with predation, overfishing and disease (Fig. 5) . The first evidence of kelp beds alternating with sea urchin barrens comes from the Aleutian Islands in the Northwest Pacific, where sea otters are major predators of the sea urchin Strongylocentrotus polyacanthus (Fig. 5A ). Early European explorers described subtidal areas in the Aleutians as a lush kelp forest with abundant sea otter populations (Simenstad et al. 1978) . By the 1800s, extensive hunting for the fur trade had decimated sea otter populations and caused the sea urchin population to increase and destructively graze kelp forests (Simenstad et al. 1978) . This shifted the system to stable coralline barrens. Legal protection of sea otters in 1911 enabled sea otter populations to recover and reduce sea urchin densities to a level where kelp forests could re-establish (Estes & Palmisano 1974) . The recovered kelp forests (Alaria fistulos and Laminaria spp.) were maintained for decades, until otter populations began to sharply decline due to predation by killer whales in the 1990s (Estes et al. 1998 ). This enabled sea urchin populations to increase once again and destructively graze kelp, leading to the formation of barrens across most of the Aleutian archipelago (Doroff et al. 2003) . The Aleutians also provide a unique historical record of the state of the coastal ecosystem based on the contents of aboriginal middens (Simenstad et al. 1978) . High abundances of fish and sea otter remains in middens from 580 BC suggest a kelp forest state, whereas high abundances of sea urchins and limpets in middens from 80 BC suggest a barrens state, providing evidence of localized transitions from kelp forests to coralline algal barrens over 2000 yr ago, possibly associated with aboriginal overharvest of sea urchin predators (Simenstad et al. 1978) .
In California, there is similar archeological evidence of short-lived, localized shifts from giant kelp Macrocystis pyrifera forests to barrens thousands of years ago (Erlandson et al. 1996) . Phase shifts from kelp forests to sea urchin barrens were recorded in California in the 1950s (Dayton et al. 1984) and were attributed mainly to the fishery-induced collapse of spiny lobster and sheepshead fish populations (Dayton et al. 1998) , predators of sea urchins that filled the functional role of sea otters after the fur trade had eliminated them in the 1800s (Fig. 5B) . These sea urchin barrens persisted in California until the 1960s, when the reintroduction of sea otters led to reinstatement of kelp forests in some areas (McLean 1962 , Ebert 1968 ). However, widespread kelp forest recovery did not occur until the mid-1970s, when a fishery opened for red sea urchins Strongylocentrotus franciscanus (Dayton et al. 1998) . In 1988, localized phase shifts to urchin barrens were documented following a winter storm event, and they persisted until sea urchin disease outbreaks in 1991 enabled kelp forest recovery (Dayton et al. 1992 , Tegner et al. 1997 . Presently, kelp forests dominate much of the Californian coast, although patchy ur chin barrens occur amid these forests, and kelp only occupies a third of the range measured in 1911 (Tegner et al. 1996) .
Shifts between kelp forests and barrens also have been associated with changing oceanographic conditions due to the El Niño-Southern Oscillation. In California, El Niño events in 1957−1959, 1982−1984 and 1992−1993 disrupted upwelling and brought warm, nutrient-depleted waters to coastal regions (Tegner & Dayton 1991 , Dayton et al. 1998 , Dayton et al. 1999 ). This reduced kelp biomass, and in some regions created temporary barrens that were recolonized by kelps during La Niña conditions (Tegner & Dayton 1987 , Tegner et al. 1997 . Conversely, in an 8 yr study of a kelp forest (Macrocystis integrifolia and Lessonia trabeculata) in northern Chile, Vásquez et al. (2006) documented a 3-fold increase in recruitment of sea urchins Tetrapygus niger and a sharp decline of kelp cover during a La Niña event in 1999. This created a barrens state that was stable for 4 yr until the kelp forest re-established in 2003.
In the Northwest Atlantic, kelp beds (Saccharina latissima) in Maine, have exhibited 3 distinct phases in the last century (Steneck et al. 2004) (Fig. 5C ). The historical state was dominated by large predatory fish, such as cod, haddock and wolffish, which controlled sea urchin Strongylocentrotus droebachi ensis populations and maintained the kelp-bed state (Steneck 1997) . In the mid-1960s, the functional loss of predatory fish due to fishing enabled sea urchin populations to increase, driving the transition to urchin barrens (Lamb & Zimmerman 1964 , Steneck et al. 2004 . The barrens state persisted until 1987, when an urchin fishery opened and decreased densities to the point at which kelp beds could re-establish (McNaught 1999) . Currently the kelp-bed state is maintained by crab predation, which limits sea urchin A statistical association, not a mechanistic driver recruitment and keeps urchin populations at low densities (Steneck et al. 2004 (Steneck et al. , 2013 . In Eastern Canada, a shift from kelp beds (Laminaria digitata and Saccharina latissima) to barrens was first recorded in the late 1960s to the early 1970s, when dense aggregations of sea urchins overgrazed kelp in a large embayment near Halifax, Nova Scotia (Breen & Mann 1976 , Wharton & Mann 1981 (Fig. 5D) . By the late 1970s, barrens dominated the entire Atlantic coast of Nova Scotia, until recurrent outbreaks of amoebic disease in 1980−1983 caused mass mortalities of sea urchins that enabled kelp beds to reestablish (Scheibling 1984 , Jones 1985 , Miller 1985 . Initial increases in sea urchin density within kelp beds were attributed to declines of predatory fishes, crabs and lobsters (Wharton & Mann 1981 , Bernstein & Mann 1982 or possible recruitment events (Hart & Scheibling 1988) . The kelp beds transitioned to barrens again in the early 1990s after sea urchin density increased along the deep margins of kelp beds and recovered in the late 1990s following a widespread recurrence of disease in 1995 and 1999 (Scheibling et al. 1999 , Brady & Scheibling 2005 , Kelly et al. 2011 . Disease outbreaks in Nova Scotia have been linked to storm activity and warm water temperatures and are becoming increasingly more frequent (Scheibling & Lauzon-Guay 2010, Scheibling et al. in press) . Con sequently, kelp beds currently dominate much of the Nova Scotian coast, although barrens exist locally along headlands off central Nova Scotia and the southwestern shore (Feehan et al. 2013 ).
In the Northeast Atlantic, luxuriant beds of Laminaria hyperborea historically dominated the western coast of Norway (Skadsheim et al. 1995) . In 1975, record high densities of the sea urchin Strongylocentrotus droebachiensis destructively grazed kelp beds (Skadsheim et al. 1995) (Fig. 5E ) and extensive urchin barrens were created, although sea urchins were unable to remove mature kelp beds under low temperature and high light conditions (Leinaas & Christie 1996) . Sea urchin die-offs in the early 1990s, due to either a macroparasitic infection (Sivertsen 1996) or an unidentified waterborne pathogen (Skadsheim et al. 1995) , returned parts of the coast to the kelp-bed state. Currently, northern Norway is dominated by decades-old sea urchin barrens, although kelp beds are re-establishing in southern and central Norway, most likely as a result of low sea urchin recruitment associated with warmer ocean temperatures and increased larval mortality (Sivertsen 2006 , Fagerli et al. 2013 ).
In the Southwest Pacific, a long-term change in the East Australian Current introduced the sea urchin Centrostephanus rodgersii to coastal Tasmania in the late 1970s (Edgar et al. 2004 ). This influx of sea urchins caused areas with particularly high sea urchin densities along the northeastern coast of Tasmania to shift from a kelp-dominated (Ecklonia radiata and Phyllospora comosa) state to barrens , Ling 2008 (Fig. 5F ). The resilience of kelp beds to these shifts has likely been reduced by the spiny lobster fishery, which removes an urchin predator from the system (Ling et al. 2009 , Ling & Johnson 2012 .
Barrens in regions with one or no documented phase shift
Isolated phase shifts between kelp forest and barrens states do not offer direct evidence for alternative stable states but can provide information about drivers of transitions and the potential stability of sea urchin barrens. Likewise, long-term reports of sea urchin barrens that occur within the range of kelp distribution, but without documented phase shifts, can provide information about the global prevalence and stability of the barrens state.
In the Northeast Pacific, along the coast of British Columbia, Canada, phase shifts from sea urchin (Stron gylocentrotus franciscanus) barrens to kelp forests (Nereocystic luetkeana) were documented following the reintroduction of sea otters in the late 1960s (Breen et al. 1982) and their subsequent range expansion in the 1980s and 1990s (Watson & Estes 2011) . Coastal surveys from 1987 to 2009 showed that kelp forests occurred in areas with continuously high abundances of sea otters, whereas urchin barrens were found in areas where otters were absent (Watson & Estes 2011). According to local fishermen, parts of the coast were urchin barrens for decades prior to sea otter re-introduction (Breen et al. 1982) . A localized phase shift from kelp forests to urchin barrens also was documented off British Columbia, Canada, when destructive grazing by sea urchins S. droebachiensis removed a kelp forest in 1973 (Foreman 1977) .
In the Northwest Pacific, a similar transition from barrens to a kelp state occurred when sea otters recolonized the Commander Islands in Russia, reducing sea urchin Strongylocentrotus polyacanthus densities and enabling the reestablishment of kelp beds (Saccharina dentigera) (Oshurkov et al. 1988 ). On the east coast of Japan, sea urchins Strongylocentrotus nudus caused a phase shift from kelp forest (Undaria pinnatifida and Laminaria japonica) to barrens in Ogatsu Bay in the 1990s, and prevented kelp regrowth for over 11 yr (Tamaki et al. 2005 (Tamaki et al. , 2009 . Along the west coast of Hok kaido, Japan, sea urchins were documented overgrazing the kelp forest in the 1930s and formed extensive coralline barrens by the 1960s (Matsunaga et al. 1999 , Fujita 2010 , Graham 2010 . These barrens are most common in areas with low water movement and have been reduced in some areas by harvesting and remediation (sea urchin removal) efforts (Fujita 2010) .
In the Southeast Pacific, stable sea urchin (Tetrapygus niger) barrens, interspersed with patches of kelp (Macrocystis integrifolia and Lessonia trabeculata), extend along much of the 2000 km of coastline of northern Chile (Vásquez & Buschmann 1997) . The resilience of these barrens has likely been increased by unregulated macroalgal harvesting that targets kelp (Vásquez 2008) . In southern Chile, only a few localized barrens, maintained by sea urchin Loxechinus albus grazing, have been reported within large tracts of kelp forest (Dayton 1985) . Throughout most of this region, sea urchins passively consume drift kelp and do not actively graze kelp stands (Vásquez et al. 1984) .
In the Northwest Atlantic, extensive Strongylocentrotus droebachiensis barrens exist along the western, eastern and southern coasts of Newfoundland and southern coast of Labrador, Canada (Keats 1991) . Observations of barrens in these regions span periods of 40 yr, among the longest on record. Although phase shifts to kelp have not been documented in these areas (Keats 1991) , kelp beds (Saccharina latissima) occur in some protected bays adjacent to barrens (Hooper 1975 , Keats et al. 1991 . Sea urchin removal experiments in Newfoundland showed that macroalgae colonized barrens, but low-lying beds of the brown alga Desmarestia aculeata often dominated the assemblage instead of kelp (Keats et al. 1990 ). In contrast, the majority of the Greenland coast appears to be largely kelp-dominated (Saccharina spp.), with dense patches of S. droebachiensis observed in some regions (Krause-Jensen et al. 2012) . Blicher (2010) described a sea urchin barrens spanning 200 m along the east coast of Greenland, within a protected fjord in the Godthåbsfjord system.
In the Northeast Atlantic, Hjorleifsson et al. (1995) documented sea urchin fronts that emerged from deeper water to graze a kelp bed (Laminaria hyperborea) and form barrens in Iceland. Along the northern coasts of Norway and western Russia, approximately 2000 km of kelp beds (L. hyperborea) were destructively grazed in the early 1970s, and sea urchin (Strongylocentrotus droebachiensis) barrens have persisted for almost 40 yr (Propp 1977 , Sivertsen 1997 ). Long-term monitoring of a localized sea urchin (Paracentrotus lividus) barrens in Lough Hyne, Ireland, captured a transition to large brown algae (Cystoseira foeniculacea and Sargassum muticum) in the 1990s that persisted for at least 10 yr (Kitching 1987 , Trowbridge et al. 2011 . Declines in sea urchin populations within the lough may have been due to disease or predation (Trowbridge et al. 2011) .
In the Mediterranean, along the Albères coast in Southern France, 20 km of macroalgal beds (Cystoseira spp.) collapsed to barrens in the 1970s and have not recovered (Thibaut et al. 2005) . The possible causes included overfishing of sea urchin Paracentrotus lividus predators and the recent prohibition on sea urchin collection (Thibaut et al. 2005 ). In the Adriatic Sea, transitions from macroalgal beds (Cystoseira amentacea) to stable (9 yr) sea urchin (P. lividus) barrens have occurred along 200 km of coastline (Fanelli et al. 1994 , Guidetti et al. 2002 , Guidetti et al. 2003 . These shifts are attributed to the destructive date mussel fishery, which breaks apart reefs, increasing the availability free space and small spatial refugia. This enhances settlement and recruit ment rates of sea urchins, resulting in higher urchin densities on impacted reefs (Guidetti et al. 2003) . Management of the fishery enabled macroalgae to recolonize some areas, but urchin barrens persist along most of the coast. Paracentrotus lividus barrens also have been described amid macroalgaldominated (Cystoseira spp.) reefs in the Aegean Sea off the coast of Greece (Giakoumi et al. 2012) .
In (Fletcher 1987) . Along the coasts of New Zealand, urchin barrens have been documented through out kelp forests (E. radiata) (Shears & Babcock 2007) . In northern New Zealand, the benthos at 6−8 m depth is dominated by sea urchins Evechinus chloroticus on coralline algal crusts and has persisted for at least 10 yr (Schiel 1990 ). Establishment of a marine reserve in this region resulted in phase shifts from urchin barrens to kelp forests that were attributed to an increase in fish and invertebrate predators of sea urchins (Leleu et al. 2012) .
Notwithstanding the numerous examples of urchin barrens worldwide, the extent of phase shifts to barrens has in some cases been overstated or exaggerated in the literature. Past reviews have described entire coastlines that alternate between kelp beds and sea urchin barrens, or coastal regions that have remained in a kelp-bed state for thousands of years prior to overfishing (e.g. Steneck et al. 2002) . What the evidence actually shows is that 10s to 100s of km of temperate coastline in regions around the world, at depth ranges between wave-swept shallows and light-limited deeper waters, can transition between a stable barrens state and a kelp-or macroalgaldominated state ( Table 2 ). The only data on kelp systems older than 200 yr come from a handful of midden sites in Alaska, California and Maine (Erlandson et al. 1996 , Bourque et al. 2008 . Although these findings contribute greatly to our understanding of the dynamics of kelp ecosystems (Steneck et al. 2002) , they cannot be used to make broad conclusions about the historical state of kelp or barrens ecosystems throughout the world. Furthermore, much of the research on kelp beds and sea urchin barrens comes from well-studied areas, where attention was initially directed to high urchin densities or dramatic ecosystem shifts. As researchers continue to return to regions where barrens have previously been documented, we may be left with a lopsided view of the scale and importance of transitions. Fig. 4 shows large spans of coastal kelp regions where sea urchin barrens have not been documented, mainly due to the lack of research. This indicates the need for a broader perspective to accurately assess the worldwide extent of sea urchin barrens.
THRESHOLDS FOR PHASE SHIFTS AND STATE STABILITY
Field observations or sea urchin removal and transplantation experiments in Alaska, California, Chile, Nova Scotia, Norway and Tasmania provide estimates of thresholds of urchin density or biomass for phase shifts. These studies consistently show that the threshold required to initiate destructive grazing is much greater than that which enables kelp recovery (Table 3) . This difference between thresholds for forward and reverse shifts indicates hysteresis in these dynamics and provides strong evidence of discontinuous phase shifts between alternative stable states. The percentage decrease in the threshold biomass of sea urchins between forward and reverse shifts ranged from 77 to 91% in these regions. Threshold densities varied markedly among regions, reflecting differences in body size of the dominant sea urchin species, while biomass thresholds were relatively consistent, with order of magnitude differences between forward shifts to barrens (1−3 kg m Table 3 . Threshold sea urchin density and biomass required to trigger forward shifts from kelp to barrens states (K→B) and reverse shifts from barrens to kelp states (B→K) in Alaska, California, Chile, Nova Scotia, Norway and Tasmania. Thresholds were measured using field observations (Obs) during phase shifts or experimental transplantation or removal of sea urchins (Exp). Biomass decrease indicates the percentage decrease in threshold biomass between forward and reverse shifts. Measures were obtained from specific study sites and may not reflect thresholds for entire regions hydrodynamic conditions. Strong wave action can inhibit aggregative feeding behaviour of sea urchins by limiting their ability to climb kelp stipes and anchor blades (Lauzon-Guay & Scheibling 2007a) . Experimental transplantation of sea urchins in kelp beds in Alaska and Nova Scotia showed that the density threshold for destructive grazing was lower within kelp beds than along the kelp−barrens interface at the edge of beds, where wave action is greater (Konar & Estes 2003 , Feehan et al. 2012 . The biomass of kelp also can directly influence the threshold urchin biomass for destructive grazing and a shift to barrens (Lauzon-Guay & Scheibling 2007b , Lauzon-Guay et al. 2009 ).
Once threshold urchin densities are attained, phase shifts between kelp beds and barrens are relatively abrupt. Destructive grazing creates positive feedback mechanisms that accelerate the shift to barrens. Actively grazing sea urchins have unlimited, high quality food, which enables them to grow rapidly and allocate a large amount of energy to reproduction (Meidel & Scheibling 1998) . Because highly fecund sea urchins are aggregating in high densities, fertilization rates are maximal (Meidel & Scheibling 2001 , Lauzon-Guay & Scheibling 2007c , which likely increases larval supply and recruitment to barrens on regional scales. Similarly, when sea urchin densities in barrens drop significantly, the release from grazing triggers an immediate response: filamentous algae and diatoms appear within days of urchin removal, and kelps recruit and grow into canopies within 1 to 3 yr (Duggins 1980 , Harrold & Reed 1985 , Johnson & Mann 1988 , Tegner et al. 1997 , McNaught 1999 , Konar & Estes 2003 , Ling 2008 , Ford & Meux 2010 , Watanuki et al. 2010 , Watson & Estes 2011 .
There are 2 types of feedback mechanisms that stabilize the community assemblage in the barrens state: processes that reduce kelp recruitment on barrens and processes that allow sea urchins to maintain high densities on barrens (Fig. 6) . Sea urchins in barrens prevent kelp recruitment by continually scraping coralline algal crusts, con suming the surficial layers along with any microalgal films and macroalgal recruits (Chapman 1981) . This reduces the survival of kelp sporophytes in barrens (Jones & Kain 1967) . Sea urchin exclusion experiments in the Gulf of St. Lawrence, Canada, found that kelp recruitment was 100 times higher on barrens without urchins than on barrens with urchins (Gagnon et al. 2004) . In widespread barrens, the urchin-dominated state may be further stabilized by a lack of reproductive source populations of kelp that provide spores for recruitment (Keats 1991) . Kelp spores are short-lived and typically settle within 5 to 10 m of the parent plant (Norton 1992, Gaylord et al. 2012) , although maximum dispersal distances of up to 5 km have been measured for some species (e.g. Laminaria hyperborea, Norton 1992; Macrocystis pyrifera, Gaylord et al. 2006) . In Nova Scotia, barrens adjacent to shallow stands of reproductive kelp sporophytes re-established kelp beds within 18 mo following urchin mass mortality, whereas it took 4 yr for kelp beds to recover on barrens that were 3 km away from the nearest reproductive kelps (Johnson & Mann 1988) . Likewise, sea urchin removal experiments conducted within ex tensive barrens off Newfoundland, Canada, did not result in colonization by kelp after 3 yr, because the nearest reproductive kelps were several kilometers away from the removal plots (Keats 1991 , Keats et al. 1990 ). This effect may be mitigated in barrens where a few remaining sporophytes are ex posed to elevated light, nutrients and currents, which can result in greater fecundity. In the Aleutian Islands, individual sporophytes of Eualaria fistulosa in barrens produced 3 times more spores than individual sporophytes in adjacent kelp forests . In California, some kelp species form free-floating rafts that can disperse spores over great distances and may mitigate the loss of reproductive sporophytes in widespread barrens (Hobday 2000) .
Despite the lack of kelp and other fleshy macroalgae as food sources, sea urchins can maintain high densities on barrens by allocating fewer resources to reproduction and growth, undergoing morphological changes in their body wall (Edwards & Ebert 1991) , and reabsorbing parts of their body wall or gut (Pearse et al. 1970) . High densities of sea urchins in barrens can offset decreased individual reproductive output, enabling populations to sustain moderately high fertilization rates and contribute to the larval pool (Lauzon-Guay & Scheibling 2007c ). However, since sea urchins have a planktonic larval stage of 2−3 mo and can disperse distances of up to 100 to 1000 km (Huggett et al. 2005) , any positive impact of a larger larval pool on sea urchin settlement would likely be limited to large-scale barrens (100s of km).
Settlement of sea urchins in barrens is enhanced by a chemical cue associated with coralline algae that induces settlement and metamorphosis of sea urchin larvae (Pearse & Scheibling 1990) . Therefore, by preventing kelps and other fleshy or filamentous macroalgae from overgrowing and outcompeting corallines, sea urchin grazing in barrens facilitates the supply of new individuals to the population (Miner et al. 2006 , Hernández et al. 2010 . Baskett & Salomon (2010) generated discontinuous phase shifts between barrens and kelp beds in a model that incorporated sea urchin grazing on kelp, competition between kelp and coralline algae, and facilitation of sea urchin recruitment by coralline algae. Sea urchins in barrens likely experience lower postsettlement mortality due to predation compared with kelp beds, which also acts to increase recruitment and stabilize a barrens state. The low structural complexity of barrens, compared with the 3-dimensional structure of kelp beds, limits available habitat for predators of sea urchins, such as decapod crustaceans and fish (Levin 1994 , Konar & Estes 2003 , Gianguzza et al. 2010 , including those that prey on the early juvenile stages (Hacker & Steneck 1990 , Bonaviri et al. 2012 .
The decrease in kelp cover during a shift to the barrens state reduces the supply of kelp detritus both to shallow kelp beds (Ebeling et al. 1985) and to adjacent habitats in deeper regions (Vanderklift & Kendrick 2005 , Krumhansl & Scheibling 2011 . Resident sea urchins in kelp beds, like those in deeper regions, generally feed passively on drift kelp (Harrold & Reed 1985 , Filbee-Dexter & Scheibling 2012 . When this subsidy declines, urchins emerge from shelters to actively graze attached kelp and augment populations in barrens, providing another form of feedback that can stabilize the kelp-bed state.
A healthy kelp bed is maintained by various feedback mechanisms that prevent the increases in sea urchin density that lead to destructive grazing and the formation of barrens (Fig. 6) . Algal films and understory algae inhibit settlement of sea urchin larvae by reducing the availability of open space on rocky substrata (Trowbridge et al. 2011) . High levels of predation on juvenile urchins in kelp habitats compared with barrens limits recruitment (Tegner & Dayton 1981 , Leinaas & Christie 1996 , Scheibling 1996 . Sea urchins within kelp beds often are cryptic, sheltering in spatial refuges from predators (e.g. crevices, undersides of boulders, and kelp hodlfasts); few reach a size refuge from all but the largest predators (Scheibling & Hamm 1991 , Clemente et al. 2007 .
The physical structure of kelp beds also can prevent sea urchin grazing. The wave-driven whiplash and sweeping motion of large kelps impedes urchins from moving into kelp beds (Vásquez 1992 , Konar 2000 , Tamaki et al. 2009 ). In experimental kelp removals in Alaska, Konar & Estes (2003) showed that sea urchins advanced beyond the deep margins of kelp forests (at 8−13 m depth) when kelp was removed but not when kelp was replaced with physical mimics, indicating that the sweeping motion of kelp arrested the onshore advance of grazing aggregations. Dislodgment of sea urchins may also be higher in kelp beds compared with barrens. In a laboratory study using a flume, Kawamata (2010) showed that sea urchins attached to turf algae stopped actively moving and were dislodged at lower water velocities than when attached to bare rock.
The high production of detrital material within kelp beds (Krumhansl & Scheibling 2012) provides an important subsidy for resident sea urchins (Harrold & Reed 1985) and offshore populations (Britton-Simmons et al. 2009 , Filbee-Dexter & Scheibling 2012 . This reliance on passive detrivory lowers grazing intensity on attached kelp (Day & Branch 2000) and likely reduces adult migration into kelp beds. In contrast, detrital subsidy from a highly productive kelp state can also enhance reproductive output of offshore sea urchin populations (Britton-Simmons et al. 2009, K. Filbee-Dexter, unpubl. data) , which could increase the larval pool and, consequently, settlement of sea urchins in the kelp bed.
ARE SEA URCHIN BARRENS AN ALTERNATIVE STABLE STATE?
With some exceptions, sea urchin barrens generally result from discontinuous phase shifts and therefore are considered an alternative stable state of kelp ecosystems (Table 2) . Phase shifts between kelp beds and sea urchin barrens show evidence of hysteresis after a transition (Table 3) , and both the kelp and barrens states are stabilized by numerous feedback mechanisms and are resistant to small perturbations or fluctuations in sea urchin densities. Sea urchin barrens can persist for decades and exist under environmental conditions similar to those of kelp beds. Most shifts to barrens are driven by localized changes in state variables and parameters and as such are not a part of a larger oceanic regime shift linked to climate change or climate oscillations. Exceptions are the phase shifts observed in Tasmania and California that are caused by changing ocean currents. The rapidly changing ocean temperature in Tasmania due to the increased southern penetration of the East Australian Current may constitute an oceanic regime shift . Likewise, periodic changes in coastal upwelling in California due to the El Niño-Southern Oscillation also may represent an oceanic regime shift (Tegner & Dayton 1987 , Dayton & Tegner 1990 ).
We find little evidence supporting prior arguments that human-induced shifts between kelp beds and barrens constitute continuous phase shifts that are maintained by ongoing anthropogenic impacts (Connell & Sousa 1983 , Petraitis & Dudgeon 2004 . In ecosystems where human perturbations cause phase shifts, hysteresis still occurs and the alternative state persists after the human control is relaxed (Tables 2  & 3) . However, human activities such as moratoria on otter hunting, expanding sea urchin fisheries, or continued depletion of groundfish are likely increasing the occurrence of phase shifts in kelp ecosystems (Scheffer et al. 2001 , Knowlton 2004 . The dramatic changes in sea urchin densities that are required to trigger phase shifts may be difficult to achieve through natural causes but could readily occur through strong anthropogenic perturbations (Knowlton 2004) . Given that humans are increasingly impacting ocean ecosystems globally, the implications of human perturbations in triggering phase shifts in kelp ecosystems are of growing concern.
In kelp ecosystems that exhibit alternative state dynamics, the recovered community state often differs from the state that existed prior to a collapse. For example, in Maine, the groundfish associated with kelp beds in the 1930s and subsequently depleted by coastal fisheries were not re-established with the return to the kelp state in the 1990s (Steneck et al. 2004) . In California, the sheepshead fish and lobster populations that controlled sea urchins in kelp forests in the 1930s did not recover in kelp forests in the 1970s (Dayton et al. 1998 ). In the Aleutian Islands, sea otter populations in re-established kelp forests are encountering a new agent of mortality in the form of killer whale predation (Estes et al. 1998 , Tegner & Dayton 2000 . In the last 3 decades, climate change has been implicated in lowering recruitment of sea urchins in Norway (Fagerli et al. in 2013) , increasing the frequency of disease outbreaks that cause mass mortality of sea urchins in Nova Scotia (Scheibling et al. in press) , and modifying currents that have expanded the range of sea urchins into Tasmania . The escalating influences of humans in each of these regions may be causing phase shifts to new, more deteriorated ecosystem states with fewer species, less biomass and increased levels of human impact, rather than alternations between 2 persistent community configurations. Although human perturbations may be altering the resilience of these communities, they still exhibit broad domains of attraction in both the kelp-dominated and urchin barrens state, which allows their classification as alternative stable-state systems.
IMPLICATIONS FOR MANAGEMENT OF KELP-BASED ECOSYSTEMS
Given that phase shifts to barrens often are considered as manifestations of the collapse of a kelp-based ecosystem, various strategies have been attempted to recover the productive kelp state. By definition, system recovery can be challenging after a discontinuous phase shift because of hysteresis, making it difficult to reverse a collapse (Scheffer et al. 2001) . Even so, some forms of management, particularly those focused on controlling populations of urchin predators, have been effective in restoring kelp forests. Actions to reestablish populations of the sea otter Enhydra lutris, considered a keystone species in the North Pacific for its cascading effects on kelp abundance (Paine 1969) , provide an early example of this strategy. Historical moratoria on sea otter hunting effectively restored populations in eastern Russia, western Alaska and California, and together with sea otter translocations across the eastern Pacific, led to the recovery of kelp forests in many regions (Estes & Palmisano 1974 , Breen et al. 1982 . Currently, sea otter populations are declining because of oil spills (Bodkin et al. 2002) , disease (Kannan et al. 2006 ) and killer whale predation (Doroff et al. 2003) . Wilmers et al. (2012) proposed that proper otter conservation strategies would maximize kelp forest abundance in the northeast Pacific and create an important carbon sink.
The establishment of marine reserves also can restore predator populations and recover the kelp state. In New Zealand, increased lobster and predatory fish populations, and substantial re-growth of kelp, was documented in marine protected areas compared with unregulated areas (Babcock et al. 1999 , Shears & Babcock 2003 , Shears et al. 2006 , Leleu et al. 2012 ). In the Adriatic Sea, the percentage cover of barrens was lower in marine reserves where fishing prohibitions are strictly enforced than in unmonitored areas where poaching occurs (Guidetti et al. 2003) . In Tasmania, marine reserves increased spiny lobster populations and maintained the kelp state by limiting the potential for destructive grazing by sea urchins through higher predation rates (Ling & Johnson 2012) . However, the effectiveness of such protection strategies can be limited. In Tasmania, a large-scale experimental introduction of thousands of spiny lobsters into both widespread barrens and patchy barrens amid kelp beds resulted in no increase in kelp cover in widespread barrens and only a small increase in kelp cover in patchy barrens (S. D. Ling pers. comm.). This indicates that the barrens state is extremely resilient to kelp recovery (Marzloff et al. 2013) , and only preventative management to increase the resilience of the kelp-bed state may be effective in halting phase shifts to barrens.
Judicious management of fisheries may recover kelp assemblages. Sea urchin fisheries in Maine and California have reduced sea urchin densities below thresholds that maintain barrens, enabling a reverse shift to a kelp-dominated state (Tegner & Dayton 1991 , Steneck et al. 2004 . In Nova Scotia, the sea urchin fishery manages the stock by targeting the grazing front at the deep edge of a kelp bed (Miller & Nolan 2000) . This halts or slows the advance of fronts until trailing sea urchins in the barrens encounter the kelp and re-establish aggregations, allowing for a sustainable harvest (Miller & Nolan 2000) . In California, commercial kelp harvesters prevented sea urchin grazing fronts from advancing into kelp forests using quicklime, before the establishment of an urchin fishery (North 1971) . In Japan, artificial reefs have been suspended above the substratum on buoyed arrays to exclude sea urchins, resulting in the recovery of kelps for commercial harvest (Tamaki et al. 2009 ).
An unexplored strategy for conserving the kelp state could involve managing human impacts that affect feedback mechanisms in kelp systems. For example, minimizing kelp harvesting or coastal sedimentation due to runoff would increase kelp biomass. This would increase the supply of drift kelp, which could prevent behavioural switches to active grazing in resident sea urchins. Similarly, seeding barren areas with reproductive kelp fronds could enhance kelp settlement in regions with limited spores. A better understanding of the feedback mechanisms that stabilize the barrens state may help inform management strategies.
Two major challenges face effective management of kelp-bed and barrens ecosystems. First, management strategies require a clear understanding of individual ecosystems, as the relative importance of stabilizing mechanisms and drivers of state shifts can vary with species composition, trophic interactions, functional redundancy and environmental conditions that are unique to each system. Successful management of barrens has mainly been limited to wellstudied systems where the drivers of transitions are well understood. Further research is needed in other regions of the kelp range, such as South America, Africa, Asia and the Arctic. Second, it is not possible to manage phase shifts re sulting from environmental changes, such as warming oceans, increased storm severity, and altered currents (Ebeling et al. 1985 , Ling 2008 , Harley et al. 2012 ). These changes may be mitigated to some extent by maintaining high biodiversity and species richness within kelp beds (Folke et al. 2004) , as phase shifts to barrens tend to be more common in systems with low trophic complexity and low functional redundancy (Steneck et al. 2002) . However, future impacts of climate change on these ecosystems greatly exceed the management capacities of coastal areas and would require a larger global initiative that prevents further environmental change in ocean ecosystems.
PERSPECTIVES FOR FUTURE RESEACH
Kelp forests or beds are complex ecosystems that have the potential to drastically change in terms of both structure and function through phase shifts to sea urchin barrens. To fully understand whether barrens represent an alternative stable state of kelp ecosystems, further longitudinal studies of kelp and barrens communities are required. Manipulative field experiments typically provide the strongest evidence of alternative stable states and can be used to elucidate thresholds for state shifts as well as system-specific feedback mechanisms that can stabilize both kelp and barrens states. For example, sea urchin removal experiments not only indicate the potential macroalgal community that can develop within barren grounds but also can be used to quantify thresholds for recovery of the kelp state. Long-term monitoring programs and statis tical models are also useful in evaluating the stability and organization of different ecosystem states , Marzloff et al. 2013 . A major source of uncertainty in kelp and barrens ecosystems is the period between sea urchin larval release and settlement. In the majority of these ecosystems, the fate of larvae produced by resident populations in barrens, kelp beds or nearby deep areas is largely unexplored and likely plays an important role in both driving density-induced phase shifts and stabilizing the barrens or kelp state.
There are several trends in the global occurrence of sea urchin barrens that may warrant further research. It is unclear why barrens dominate through out eastern Canada, western Russia and northern Norway but are rarely documented along the coasts of Greenland and Iceland, regions with similar species composition and environmental conditions. Sea urchin barrens also tend to be more widespread and phase shifts occur more frequently along temperate coasts in the northern hemisphere than along tropical and south temperate coasts. The trend of increasing marine species richness and ecosystem complexity from the Arctic to the tropics (Gray 2001) may explain this discrepancy because the more simplified food webs in temperate ecosystems may collapse more readily. Southern kelp beds also occur in upwelling zones, which may have altered feedbacks and dynamics compared with temperate ecosystems.
Considerable attention has been directed towards establishing criteria for defining an alternative stable state (Connell & Sousa 1983 , Beisner et al. 2003 , Petraitis & Dudgeon 2004 . However, in a practical sense, regardless of whether phase shifts between kelp beds and barrens reflect an actual alternative stable-state system, the barrens state typically exhibits multiple feedback mechanisms that can inhibit kelp recovery for decades. As Knowlton (2004) aptly observed, in the context of marine conservation, it probably makes little difference in human time scales if sea urchin barrens persist indefinitely; what matters is that the system can undergo a long-term departure from prevailing conditions that is difficult to reverse. 
